A hybrid wavelength-division multiplexing/frequency-division multiplexing (WDM/FDM) based optical fiber microstructure sensing network with large capacity, high resolution, and high-speed response is proposed and demonstrated. The sensing network is composed of a demodulation system and a fiber microstructure sensor array distributed along a single fiber. Parallel processing technology is utilized for investigating the envelope peak and the fringe peak of the spectrum simultaneously, which can be used to distinguish large-scale temperature shifts quickly. In combination with a high-speed tunable FabryPerot filter, the sensor array can be quickly demodulated with the speed up to 500 Hz as well as the wavelength resolution less than 3 pm. In a proof-of-concept experiment, an array composed of 16 sensors through four WDM and four FDM is employed for temperature measurement, demonstrating a temperature resolution less than ±0.3°C, and a vibration experiment verified 500 Hz demodulation speed capacity. Compared with traditional demodulation schemes, the proposed demodulation system is suitable for large capacity networks and dynamic sensing applications.
Introduction
Quasi-Distributed sensing is a technique that combines a sensor array and multiplexing techniques, with the goal of measuring the parameters at discrete positions. Compared to optical time-domain reflectometry (OTDR), which is based on light scattering in fiber optics, quasi-distributed sensing technology yields higher precision, stronger signals, and shorter response times [1] . Especially, fiber Bragg gratings (FBGs) have been extensively applied in quasi-distributed sensing systems due to their distinguished advantages-low cost, erosion resistance, immunity to electromagnetic interference, compactness, and excellent multiplexing capability [2] - [5] . Moreover, various multiplexing schemes have been adopted to expand the capacity of FBG based quasi-distributed sensing networks: wavelength-division multiplexing (WDM) [6] , [7] , time-division multiplexing (TDM) [8] - [10] , and frequency division multiplexing (FDM) [11] . A hybrid WDM/TDM sensing network based on chirped FBGs has also been reported [12] , in which up to 512 (WDM) and 2000 (TDM) sensing units are demonstrated. Thus, the hybrid multiplexing approach provides a new way for double the sensing capacity [13] - [15] .
A large-scale network up to 2000 sensors with hybrid WDM/TDM ultra-weak FBGs has been reported [13] , which increased the multiplexing capacity significantly more than that of either TDM or WDM multiplexing systems [8] . High-speed InGaAs detector based systems with 256 pixels, need seconds to examine 100 sensors and provide only low wavelength resolution, resulting in a low sensing resolution for the environment parameters. An FDM system with a multiplexing capacity of 56 has been experimentally demonstrated for quasi-distributed temperature and strain measurements, using a high-resolution wavelength scanning method [16] . It is a static demodulation system based on Micron Optics si720 [17] , and can utilize the WDM architecture of a non-real time algorithm, which is operated after data capturing. Utilizing the same si720 sensor interrogator, we investigated a hybrid WDM/FDM sensor network in our previous study [11] , and the fiber microstructure and demodulation algorithm that were proposed led to the possibility of thousandunit multiplexing. However, only static wavelength scanning and demodulation can be achieved using industrial demodulation devices [18] - [20] ; therefore, they are not appropriate for dynamic sensing applications such as earthquake, monitoring, surveillance, etc. Furthermore, the parametric variation is calculated by tracking a specific fringe peak shift, which will limit the dynamic range.
In this paper, we report on a high-speed and high-resolution demodulation scheme for the WDM/FDM based fiber microstructure sensing network. The fiber microstructure unit is composed of an ultra-weak FBG pair, which could introduce a two-dimensional encoded property, and thus the sensing capacity can be significantly increased by employing a hybrid WDM/FDM scheme. In order to achieve high resolution and fast response, a demodulation system is developed by combining electrical Fabry-Perot filter tuning with a parallel signal processing algorithm. Subsequently, a prototype system with 16 microstructure sensing units is implemented to demonstrate the feasibility and performance of the sensing network, experimental results show 0.3°C temperature resolution and 500 Hz dynamic measurement ability.
Operating Procedures

Setup
The fiber microstructure sensor is essentially a Fabry-Perot (FP) interferometer composed of two closely spaced identical uniform FBGs separated by a distance Dm, as shown in Fig. 1 . Each grating is fabricated using a single-mode fiber with an ultra-short length of only a micrometer or less, leading to a wideband reflective spectrum as well as an ultra-low insertion loss, which provides the possibility of high-density sensor multiplexing. The reflective spectrum of the fiber microstructure sensor can be expressed as [2] :
And the R B G is:
Where k is the "AC" coupling constant, k (λ) = (
) is the detuning [3] , L is the length of the grating, λ B = 2n eff ∧ is the "design wavelength," n eff is the effective refractive index, ∧ is the period of the refractive index modulation, and L fp = D n + L is the effective cavity length of the ultra-weak FBG based FP interferometer that determines the periodic modulation frequency of the reflection spectrum. The fabrication of the sensor is similar to the uniform FBG's fabrication process. In particular, a 266 nm ND: YAG pulsed laser was used as the UV source, a cylinder lens is employed to focus the beam. Before the phase mask, there is a baffle plate closely to the phase mask, which has two identical narrow slits just allow a few light beam to pass. The laser exposures the phase mask, then the microstructure sensor was fabricated on the fiber.
The schematic diagram of the WDM/FDM based optical fiber microstructure sensor network is depicted in Fig. 2 , which consists of a central office (CO) and an optical sensing network (OSN). The central office (CO) is a demodulation system, which includes an ASE light source, optical circulator (OC), erbium doped fiber amplifier (EDFA), Fabry-Perot filter (FFP-TF2 from Micron Optics), photodetector (PD), analog-to-digital converter (ADC)/digital-to-analog converter (DAC), and a parallel processing module based on FPGA. The ASE light source, with a bandwidth of 80 nm and an optical output power of 20 dBm, is injected into the sensing fiber through the OC. The fiber microstructure sensor is essentially a Fabry-Perot (FP) interferometer composed of two closely spaced identical ultra-short FBGs with wideband reflective spectrum as well as ultra-low insertion loss, which are labeled as Sn-m. Here, n represents the serial number of the central wavelength λ n , and m represents the serial number of the frequency, which is acquired from the fast Fourier transform result of the sensor spectrum, corresponding to the cavity length D m . Consequently, the positioning of each sensor can be mapped by the demodulation of the central wavelength and repeat frequency of the spectra. It should be noted that the utilization of the FP interferometers introduces the frequency multiplexing technique, which can increase the sensing capacity. Theoretically, up to 1000 microstructures can be high-densely multiplexed along the fiber link through 25 WDM and 40 FDM techniques [11] . The reflected optical signal from every microstructure along the fiber at corresponding time slots, propagates to the FP filter, and is received by the high-speed PD. Owing that the spectrum of the WDM/FDM sensor network is complex; therefore, a fast and efficient demodulation mechanism is very important for distributed sensing.
In order to analyze and extract the wavelength and frequency information of the microstructure sensors precisely and quickly, a high-speed and high-resolution demodulation module based on the parallel processing method and noise reduction algorithm is proposed. We choose FabryPerot filter+BBS (broad band source) as a flexibility configuration scheme, which possesses the advantages of wide spectral range, high speed and low cost. The key device for constructing the demodulation module is a tunable Fabry-Perot filter with a Free Spectral Range (FSR) of 115 nm and finesse of 7008. The PZT of the Fabry-Perot filter is driven by the DAC of the NI data acquisition card (NI5781) + AMP (Amplifier), to tune the filtering wavelength, allowing the data from any wavelength range at any time slot to be obtained. By employing the on board FPGA module NI7962 to synchronously control the PZT and PD, the analog output of PD is captured by the ADC of NI5781, which has a maximum sample speed of 100 MS/s.
Parallel Demodulation Principle
As shown in Fig. 3 , the parallel processing flow of demodulation scheme contains 4 parts. Firstly, the modulated optical signal from the sensor array is scanned using the FFP-TF2 controlled synchronously by the amplified electronic signal from the DA, and the cycling time over 1 FSR of the interference spectrum is T1. Secondly, the signal received by PD is amplified by the AMP2, followed by an analog-digital (AD) conversion using the NI5781with the conversion time of T2. Thirdly, the signal is separated into n groups with the central wavelengths of λ1, λ2 . . . λn, respectively, and then the data of n groups are synchronously processed in the FPGA with hardware Fast Fourier Transform (FFT). Through the integration ofR (v) = [7] , is performed for the m units simultaneously, with the processing time of T4. As a result, all the unwrapped sensor parameters can be obtained.
By parallel processing the sensing signal of the m × n sensor array in LabVIEW platform based FPGA (Virtex-5 SX50T). The total time delay of the system is Tp = T1 + T2 + T3 + T4, which is not depend on the quantities of m and n. The maximum tuning rate of the FFP-TF2 is 800 Hz for the wavelength range of 115 nm, so T1 is small to 1.25 ms, and the processing times T2, T3, and T4 are of μs level; therefore, Tp would be less than 2 ms, which is considerably less than the serial processing time Ts = T1 + T2 + nT3 + mnT4. It is obvious that along with the expansion of network capacity, i.e., the wavelength multiplexing n and frequency multiplexing m rising, the processing time for serial processing scheme will be significantly increased, while that for the parallel processing method will not be affected. Hence, benefitting from the parallel processing algorithm, the fast response time of 2 ms can be realized, which corresponds to a high demodulation speed of 500 Hz.
Experiment and Discussion
Spectrum Recovery of the Sensor Network
We constructed a prototype system of 4 WDM × 4 FDM fiber microstructure sensor network to demonstrate the feasibility and performance of the demodulation scheme. As shown in Fig. 4 microstructure reflectivity of 4%. The wavelength can be separated in the wavelength domain by different cavity lengths reflected at the same wavelength. The overlapped spectrum can be decoded using the fast FFT-IFFT algorithm operating in the parallel demodulation system. It should be noted that the expansion of the network capacity is restricted by the demodulation speed of the sensing system. In particular, there is a tradeoff between the multiplexing capacity and the demodulation speed.
As an example of the demodulation process, we chose four sensors as the representatives with the wavelength code of 1550 nm. Firstly, after FFT on the spectrum, four frequency components at 9, 15, 19, and 25 were obtained as shown in Fig. 4(b) , corresponding to the sensors S3-1, S3-2, S3-3, and S3-4. Next, we fixed the peak fm of the FFT result in the frequency domain, and then filtered each peak using a pass-band from fm−2 to fm+2. By applying IFFT to this frequency range, the optical spectrum of the sensors can be recovered separately, as displayed in Fig. 4(c)-(f) .
The theoretical FSR of the fiber microstructure can be calculated with (L fp is the cavity length, n eff is the effective refractive index) and the experimental FSR for different frequencies can be scaled. The results are listed in Table 1 . It is clear that the deviation between the theoretical and experimental values is very small, which demonstrates that high accurate spectrum demodulation is achieved.
The reflected spectrum of the microstructure sensor is a cosine-wave R FP (λ), as depicted in Fig. 5 . By extracting the fringe peaks of the interference fringes and employing the Gaussian fitting algorithm, we can obtain the envelope, which is the reflection spectrum of a single ultra-weak FBG with quadruple amplitude. The parametric variation changes the properties of both the interference fringes and the envelope, due that L fp and n eff would be influenced by temperature or strain.
Traditionally, the parametric change is measured by tracking the fringe peak of the Fabry-Perot interference fringes, which is a precise estimation method. However, a large-scale parametric change would lead to a phase shift exceeding 2, and fringe peak would move to next fringe order, which means loss of tracking. Therefore, a method that combines envelope predicting with fringe peak tracking is employed to break through the mutual restriction between the measurement precision and the dynamic range.
As illustrated in Fig. 5 , the envelope of the peak is a sinc function, so the envelope peak corresponding to the phase:
Where m i is the series of the envelope phase, κ is the "AC" coupling coefficient, L is the grating length, and the wavelength of the peak:
Where is the grating period, selecting the envelope as base point, any fringe peak forward can be chosen to track the parametric change, the wavelength location of the fringe peak is:
Where F SR is the FSR variation caused by the parametric change, which is negligible in wavelength multiplexing system, n i is the series of the fringe, so we can calculate the temperature or strain by wavelength shift.
Demodulation Resolution
Analyzing the results from the Micron Optics FFP-TF2, both the voltage change and wavelength shift are nearly linear, with a 1-V PZT voltage shift corresponding to a center wavelength change of 5.06 nm. As the NI5781 is an N = 16 bit DA system, the difference in voltage ranges from −1 V to 1 V. The minimum resolution of Vda = 2 V/ 2ˆN = 30.5 μV, and the theoretical wavelength resolution R = 5.06 nm / 2ˆN = 0.154 pm. In order to overcome the influence of the ripple voltage of a power module, the controlling signal of PZT is amplified by AMP1 with a gain (G) of 16, and consequently the corresponding wavelength discrimination resolution should be Rs = G * R = 2.5 pm.
The traditional FFT filter method may remove the high frequency components of the optical signal as well as noise. In view of this, the Wavelet Transform noise reduction method is employed, which can remove the noise without inducing great signal energy losses and retain the inherent features of the signal as possible.
As shown in Fig. 5 , we chose a fringe peak of sensor S3-2 to verify the system resolution, and set the environment temperature at 40°C with a thermoelectric cooler (TEC). we recorded the spectrum 90 times at 40°C, 40.1°C, 40.2°C, 40.3°C and 40.4°C respectively. The wavelength distribution of fringe peak P is illustrated in Fig. 6 . 0.3°C temperature variation lead to wavelength shifting of 3 pm, which indicates that the demodulation resolution is less than 3 pm. 
Temperature Measurement
Distributed temperature detection is explored to demonstrate the performance of the sensing system, which use TEC to control the temperature of the microstructure. The sensor S2-3 is selected as a sample, and the demodulated spectrum under the temperature of 30°C, and 50°C is shown in Fig. 7 . It can be seen that for a large temperature variation, the fringe peak shift over 1 FSR cannot be tracked correctly. While, by tracking the relative position between the fringe peak and the envelope peak, the temperature variation can be accurately demodulated, which demonstrates large dynamics range.
For distributed sensing, we arbitrarily chose S1-1, S2-2, S3-3, and S4-4 to verify the temperature measurements. We place the four sensors in TEC to adjust temperature from 25°C to 70°C, as depicted in Fig. 8 . The temperature variation results in relative shifting of the fringe peak. The sensitivity of the four sensors were 11.7 pm/°C, 11.6 pm/°C, 12.8 pm/°C, and 12.3 pm/°C, respectively, and all the R-square values are better than 0.9997, demonstrating an excellent linear response of the temperature measurement. With the wavelength demodulation resolution of 3 pm, the system has a temperature resolution of 0.3°C, which is suitable for high-precision temperature monitoring.
High-Speed Dynamic Measurement
We adopt a vibration test to verify the demodulation speed of the system. A piezoelectric transducer (PZT) driven by the signal generator system E17960 is employed to serve as the vibration source, which the sensor S2-1 is fixed on. And the scanning frequency of the tunable FP filter (TFF) is set as 500 Hz.
In the test, 100 Hz ∼ 250 Hz harmonic vibration signals are applied on the fiber, and the demodulation wave as well as the corresponding spectra using FFT transform with high signalnoise ratio are obtained as shown in Fig. 9 . Although the demodulation signals are not ideal "harmonic" owing to the noise from the vibration transducer and the environment, as well as the vibration induced bending of FBGs pair, the waveform in Fig. 9 (e) and distinct frequency peak of 250 Hz in Fig. 9(f) indicate that the system can guarantee at least 500 Hz demodulation speed capacity. Through optimizing the sensing system, the demodulation speed can be further increased to support a larger multiplexing capacity.
The performance of the proposed scheme is compared with other reported demodulation methods for FBG network, as presented inTable 2. It can be seen that the proposed configuration exhibits high-speed and high-resolution demodulation. It should be noticed that there is a trade-off between the demodulation speed and the multiplexing capacity, due that the demodulation bandwidth and resolution respectively affect the implementation of WDM and FDM. Hence, for the faster dynamic strain or acoustic measurement with the frequency higher than 500 Hz, optimizing the configuration of the sensing system or employing a fast wavelength scanning laser [22] could be the feasible ways to further improve the demodulation speed. Moreover, the creep effect of the F-P filter will certainly influence the demodulation resolution and repeatability, which could be resolved by real-time tracking and compensation of the nonlinear scanning relationship of the F-P filter in our future work [23] .
